ABSTRACT
INTRODUCTION
Currently, the most common way to tentatively assign a virus to its host organism is to observe the putative virus in a host cell (this is mainly depending on electron microscopy, which needs to be confirmed through Koch's postulates). Therefore, a lot of viruses remain unconnected to their hosts (Edwards and Rohwer, 2005) . This fact is becoming more marked as a result of metagenome analysis, a widely applied, powerful technique which has yielded the genome sequences of numerous viruses, many of which have yet to be assigned to their hosts (Venter et al., 2004) . Undoubtedly, the knowledge of host-parasite relationships is essential for elucidating * To whom correspondence should be addressed. the life cycle of viruses, investigating the whole ecosystem and also revealing latent and pathogenic viruses. Therefore, it is important to develop bioinformatic analyses to reveal host-parasite relationships based on genome sequences. In some cases, a host and its parasite must have common sequences usable for the assignment as has been observed in some of lysogenic phages (Blaisdell et al., 1996) . However, this approach cannot be universal since some phages such as Qβ and fd are too simple and streamlined to have extra sequences shared with the host, prompting the development of novel methodology for this purpose.
The dynamic nature of genomes has now been well-established: i.e. horizontal transfer and frequent recombination as demonstrated by genome sequence information which has become available in this decade (Dawson et al., 2002; Nakamura et al., 2004) . Most of these findings have been made by analyzing the sequence similarity between genomes or their parts: insertions and/or deletions of particular sequences. Naturally, most of these analyses have dealt with sequence information in a strict one-to-one manner and were able to reveal a large amount of information about genomes. The others contain the dinucleotide relative abundance profiles of DNA: those from the same organism are generally much more similar to each other than those from other organisms (Karlin et al., 1994) . In contrast, another approach, namely oligostickiness, exploits hidden genome information. Oligostickiness analysis, which is based on the binding (or hybridization) stability of an oligonucleotide to a genome sequence of interest (Nishigaki and Saito, 2002) , is an example of a technique where one does not try to find unique sequences but rather relaxed and ambiguous ones. This approach was used in the finding of the phenomenon of chromosome homogenization during evolution, a phenomenon not seen by the other approaches (Saito and Nishigaki, 2004) . Thus, the chromosomes contained in a cell of an organism have a similar tendency in oligostickiness, suggesting frequent recombination between chromosomes in the same nucleus (Saito and Nishigaki, 2004) (Supplementary Figure 1) . In this study, we adopted this method for the determination of the host-parasite relationships of bacteria and their phages.
There are two categories of phages: namely lytic (or excreting) and lysogenic. Lytic phages reproduce themselves, lyse the host cell and release progeny phages after infection (although the excreting type such as fd does not lyse the host cell but excretes its progeny out of the host cell). Lysogenic phages enter a quiescent state by integrating their genomic DNA into the host chromosome until the lytic cycle begins upon triggering by stimuli. Interestingly, our approach clearly discriminates between these two types. We also Fig. 1 . Definition of oligostickiness. Oligostickiness can be defined as the normalized frequency of binding to the template DNA of a fixed portion (angle θ ) in various manners as drawn here. Each binding structure denotes that it makes a sufficiently stable binding to a template DNA at a particular site. The stability of each structure is calculated thermodynamically (see text) and shown with more stable one on a lower layer in this figure. The frequency of probe-binding is accumulated within a sector of the angle θ, normalized by the actual size of the fractional template and drawn by a pillar, of which height is proportional to the normalized frequency. For the convenience sake, oligostickiness is usually defined to the registered genome sequence (or database sequence). This figure was taken from Nishigaki and Saito (2002). tested other relevant methods such as G + C content and codon usage analyses for the current purpose and found that the oligostickiness analysis has the strongest power of prediction for this purpose. We therefore discuss the reasons for the utility of oligostickiness, a measure of relaxed sequence similarity in this article.
METHODOLOGY

Oligostickiness
Calculation of oligostickiness has been described in detail in previous papers (Nishigaki and Saito, 2002; Saito and Nishigaki, 2004) . In brief, oligostickiness, σ , is a parameter defined as follows:
where l 0 + 1 and n are the genome sequence position at which the sampling region begins and the sampling size for oligostickiness, respectively, and δ is a determinant that takes the value of 1 when the probe (p) binds stably to the i-th local sequence of the genome (T (i)) (in other words, a fragmental sequence that has a fixed 5 -end at the sequence position i) or the value of 0 when not bound ( G is larger than a fixed value (Nishigaki and Saito, 2002) ). In this formula, the p-T binding is determined based on the thermodynamic stability of the p-T complex (Figure 1 ).
Spider-web representation
The representation of chromosome/genome properties used here is called the 'spider-web presentation of global oligostickiness' (i.e. the σ -value calculated against the whole entity) (Saito and Nishigaki, 2004) . Each global oligostickiness value with respect to a chromosome probed by a particular oligonucleotide was plotted on an axis radially extended from a common center, following a logarithmic scale (Supplementary Figure 1) . In this article 12 axes per round were adopted with 12 different oligonucleotide probes (which were empirically selected), taken from Saito and Nishigaki (2004) . The nearby plots were connected with a line to define a characteristic pattern for each chromosome. This type of representation appears to be more effective in presenting features of a chromosome in depth.
Calculation of 'set of oligostickiness similarity score' between genomes
Set of oligostickiness similarity score (SOSS) was calculated to detect the similarity of chromosomal texture (Nishigaki and Saito, 2002) as well as to detect the relationship among the genomes. It can be expressed as follows:
where n is the total number of oligonucleotides, S 1 i and S 2 i are the oligostickiness values against i-th oligo of genome 1 and genome 2, respectively. Log S max and logS min were set to be 0.1 (maximum) and 0.0001 (minimum) in order to present the chart clearly and informatively based on the data thus far obtained. At the same time, these values were used for normalization by making the (logS maxlogS min ) be the unity. The axes were plotted in the logarithmic scale (Fig. 2) .
To examine the effect of codon usage bias or mutational bias during lysogenic state, we made a simulation by replacement of the third positions of codons in coding sequences in genomes with A, T, G or C after which SOSS was calculated. More specifically, S 1 i and S 2 i are the oligostickiness values of simulated genomes against i-th oligo when the third base of both genomes 1 and 2 were replaced with any of the single bases.
Calculation of 'codon usage similarity score' between genomes
Codon usage frequencies of genomes were obtained from Kazusa DNA Research (http://www.kazusa.or.jp/codon/) and then codon usage similarity score (COUSS) was calculated as defined below:
where n is the total number of codons (i.e. 64), C i h and C i p are the codon frequencies of host and phage with regard to the i-th codon, respectively.
Data sources for whole genome sequences, coding sequences and G + C contents
The whole genomes of phages and hosts were obtained from NCBI and NIG (see Supplementary Table 2 ). The assignment of phages to their relevant host and class of lysogenic or non-lysogenic was Note that since the center is not zero but 10 −3 , some oligostickiness values, which are <10 −3 , are plotted on the opposite side of the axis. The probe sequences used were: P1, dACGACGACGACG; P2, dGGGGTCGAGGGG; P3, dTGGGTGGGTGGG; P4, dGAGAGAGAGAGA; P5, dGCTAAAAAAAAA; P6, dAAAAAAAAAAAA; P7, dATATATATATAT; P8, dGTGCTGGGATTA; P9, dCCAGGCTGGTCT; P10, dCCGGCCGGCCGG; P11, dGGGGTCGAGGCG; P12, dAGACCGCGCCTG.
based on the data collected from literatures. The G + C content of genomes and the discrimination of coding sequences in genomes were obtained from the annotation of genomes contained in NCBI database and the annotation of codon usage database (Kazusa DNA Research Institute), respectively.
RESULTS AND DISCUSSION
In this study we dealt with a considerable number (25 phages + 7 hosts) of lysogenic, non-lysogenic phages and their corresponding bacteria: Vibrio cholerae versus phage VSK; Streptococcus thermophilus versus phage Sfi21 and O1205; Clostridium difficile versus phage C2 and others as listed in Table 1 . These are experimentally well-established regarding the host-parasite relationship besides being available of their genome sequences.
To reveal the host-parasite relationships of phages, it is natural to try to exploit their genome sequences. However, an approach that compares the sequences directly is less likely to provide the desired information since there may be no common sequences between the host and parasite. Here, we employed a method that can unveil the hidden information: namely oligostickiness analysis. The oligostickiness, a measure of affinity, which had been introduced successfully to characterize genome sequences of various organisms (Nishigaki and Saito, 2002) , was applied to the study of host-parasite relationships. The 12 probes (oligonucleotides) were empirically selected with each sequence mutually quasi-orthogonalized i.e. making them different from each other as much as possible. In brief, the oligonucleotides were selected with the following considerations: (i) oligonucleotides with different properties (G + C content, sequence complexity and thermodynamic stability) and (ii) representative (mutually pseudo-orthogonal) oligonucleotides from the viewpoint of oligostickiness based on data collected from over 20 genomes (Nishigaki and Saito, 2002; Saito and Nishigaki, 2004) . As partly shown in Figure 2 , all probes have the same or similar oligostickiness values between host bacteria and their phages in the four spider-web charts shown here. As clearly shown, the two categories of phages, i.e. lysogenic and non-lysogenic, display different patterns, with the former closely overlapping with the host (a and c) while the latter have similar but non-overlapping values to those of their hosts (b and d). This means that the genomes of the host and the lysogenic phages are formed of a similar 'texture' of sequences (Nishigaki and Saito, 2002) and that the homogenization of these chromosomes has notably advanced (Saito and Nishigaki, 2004) . This finding was further confirmed by introducing a similarity measuring parameter; SOSS defined in Section 2 [Equation (2)] and applying it to the groups of bacteria and phages, for which genomes had been determined. Figure 3 shows the SOSS values obtained for five groups of bacteria (E.coli, B.subtilis, V.cholerae, S.thermophilus/pyogenes and C.difficile/botulinum) and their phages (Table 1) . It is evident that relevant phages, regardless of their lysogenic or non-lysogenic property, have higher score (0.86 ± 0.04 for non-lysogenic and 0.96 ± 0.013 for lysogenic) than that of unrelated phages (0.83 ± 0.07) for all cases tested (Fig. 3) . Remarkably, lysogenic phages have a sharply higher SOSS value than for non-lysogenic ones for all bacteria tested here. This notion was further confirmed by investigating about all relationships by way of SOSS (Table 2 ). Such high scores as > 0.95 appear only in the established host-lysogenic phage relationships except two cases [E.coli phages (ld and st1) against V.cholerae and S.thermophilus and S.pyogenes against the phages of ss, so and sp1∼6], enabling us to use it as a discriminator of such relationships. In these two exceptions, it is noteworthy that two bacteria for both cases (E.coli and V.cholerae; S.thermophilus and S.pyogenes) are known to be genetically close. 94  95  83  82  68  67  st1  95  88  94  95  83  82  68  67  st2  95  87  94  94  83  81  67  66  t4  80  85  85  84  92  91  83  81  t7  88  85  91  91  85  83  70  68  fd  90  90  96  95  89  88  74  73   bs  89  96  94  93  91  90  75  74  b  78  87  84  83  95  95  87  85  bb  79  83  85  84  91  89  81  79  bg  73  79  79  78  89  88  85  82  bp  85  86  91  90  89  87  76  74   vv  91  90  95  95  88  87  73  72  vf  88  86  92  92  85  83  71  70  v4  80  82  85  84  87  85  76  74   ss  78  86  84  83  95  96  85  83  so  79  87  85  84  96  96  84  82  sd  77  82  81  80  85  86  82  81   sp1  79  88  85  84  96  97  85  83  sp2  82  91  87  86  95  97  82  81  sp3  78  87  84  83  95  96  86  85  sp4  80  89  85  85  95  96  83  81  sp5  83  92  88  88  96  97  81  80  sp6  80  89  84  84  93  95 (Harshey, 1988) and lytic bacteriophages of Sphaerotilus natans (Jensen, 1998) . This is another viewpoint to be explored in future employing this SOSS analysis. These findings demonstrate that analysis of genome sequences can be useful in the determination of host-parasite relationships without direct observation of the interaction. In the same vein, dinucleotide relative abundance profiles of host-parasite supported that lysogenic phages were close to their host, whereas lytic phages were relatively distant (Blaisdell et al., 1996) . These are especially important in metagenomics analysis of microbiomes where a large number of phages need to be assigned without current knowledge of hostparasite relationships (Edwards and Rohwer, 2005) . Furthermore, the ability to discriminate between lysogenic and non-lysogenic phages should also be usable in the general study of phages. The result obtained here is clear but yet to be rationalized. There are only two explanations for the observations. The first is the frequent recombination between host and parasite genomic DNAs including the horizontal transfer of genes, where genetic recombination occurs during the events of integration and release of the genes and at the same time such genes can also cohabit with the host genome for a considerable duration depending on the type of the genetic materials (vectors).This has already been established to be plausible and to actually occur (Dawson et al., 2002; Jain et al., 1999) . The other explanation, for which there is less evidence, is that there is a biased selection pressure toward genome sequences which work in the host and parasites exposed to the same environment and that this leads to 'similarly-textured' sequences. In order to test the possibility of the latter case, we have compared the codon usage of host and parasite pairs by defining a COUSS parameter as defined in Equation (3). In this analysis, a similar result to that of the SOSS analysis was obtained as shown in Figure 4 and Table 1 [average COUSS values of lysogenic phages were found to be higher (0.84 ± 0.049) than those of non-lysogenic (0.76 ± 0.056) and phages unrelated (0.68 ± 0.080) to the hosts ( Fig. 4; Supplementary Table 1) ]. Thus, some biased mutations in the third position of codons have resulted in the generation of similar codon usage between the host and its parasite. Since the codon usage of a phage needs to be optimized to perform the most efficient proliferation in the host cell, it is apt that it comes to mimic that of the host (Bailly-Bechet et al., 2007) . The genomes of bacteriophages are well known to be extremely streamlined so that they leave almost no redundant portion besides necessary gene-coding regions (Kornberg and Baker, 1992) . Considering this fact, the phage genomes are less plausible to have experienced drastic recombination events but rather much possible to have accepted biased point mutation events. This is quite different from the situation of chromosomes in a nucleus in which chromosomes could be rather freely recombined unless it would cause gene disruption or the similar. Thus, the fact that pairs of a host and a parasite have similar codon usage patterns supports the hypothesis that there is a biased substitutionmutation pressure such as the preference of G-to-A changes. Such a possibility is highly plausible since host and parasite replicate in the same molecular environment using the same replication and repair systems. Although the overall tendency is similar to that seen with the SOSS analysis, the discrimination by COUSS is not as clear as SOSS (Figs 3 and 4) . In order to compare SOSS and COUSS discrimination power of lysogenic phages, we also computed sensitivity and specificity of both methods on the same dataset except Clostridium phage C-st (which is pseudo-lysogen to C.botulinum F str.), where values of ≥ 0.95 and ≥ 0.84 were considered as positive cases (lysogenic) for SOSS and COUSS analyses, respectively. We found, though using a limited number of samples obtained here, that both sensitivity and specificity were higher in SOSS analyses (100% and 92%) than COUSS analyses (71% and 91%), respectively, indicating that the SOSS analysis is more suitable for this purpose.
As both analyses demonstrated that lysogenic phages have genome sequences more closely related to their hosts than nonlysogenic ones to the same host, it is logical to conclude that given their life cycles, the difference comes from the frequency of biased mutation experienced and that this must be nearly proportional to the duration of host and parasite cohabitation. Therefore, upon introduction of commonly biased mutations into the third position of codons (mostly synonymous) in the genomes of a host and its non-lysogenic parasite, we would expect the SOSS values for such pairs to get higher. This was indeed the case with all of the tested pairs (for non-lysogenic phages and unrelated ones) while the changes for lysogenic phages were small and non-directional (Fig. 5) . As can be seen, this tendency does not depend on the base to which the mutation directed. Most lysogenic pairs seem to be near equilibrium (maximum) state with regard to the genome homogenization phenomenon between host and parasite (Kejnovsky et al., 2007) since some mutations did not improve but rather reduced the SOSS value. This fact strongly supports the idea that the biased mutation which is directed to the same mutation product such as A, G, T or C may be the cause of the higher SOSS values between a host and its lysogenic phages.
We also examined whether G + C content analysis can provide similar predictions to those obtained using SOSS and COUSS. For this purpose G + C content values were collected from the relevant databases (Section 2) and found that the average value of hostparasite G + C content ratio, α w (Table 1) are 0.97 ± 0.02 and 0.86 ± 0.06 for lysogenic and non-lysogenic phages, respectively. While these values are discriminating between lysogenic and nonlysogenic phages to their hosts, some of the non-lysogenic phages of V.cholerae and S.thermophilus showed similar or higher ratio of α w than lysogenic phages (Table 1) . It is therefore evident that G + C content analysis cannot provide any prediction about hostparasite relationships. This is in agreement with the work of Karlin et al. (1998) , and they found that prokaryotic genomes tend to be homogeneous in their G + C content and this property was not diagnostic in discriminating among prokaryotes. 
Lysogenic state stability and high SOSS value of phages
Lysogenic E.coli phages, Siga toxin phage 1 (stx 1) and Siga toxin phage 2 (stx 2), were both found to have a SOSS value of 0.947 (Table 1 ). In contrast, another phage, lambda, has a higher SOSS value of 0.969 and is known to be more stable than the Siga toxin phages on the basis of induction rate (Aurell et al., 2002; Livny and Friedman, 2004) . It is impressive that an excretive phage fd, less virulent than lytic phages has an intermediate value of SOSS between those of lytic and lysogenic phages while the G + C content is not similar. A similar phenomenon was observed with S.pyogenes lysogens. The bacteria, S.pyogenes, were found to be polylysogenic in sequenced strains with up to 10% of the total host genome being phage DNA. According to an intensive study of the lytic induction of S.pyogenes MGAS315 prophages, mitomycin C, hydrogen peroxide and other physiological stimuli were shown to induce prophages with a variable efficiency (Banks et al., 2003) . Interestingly, the Table 3 ) approximately corresponds to the order of the induction rate of S.pyogenes, possibly indicating the degree of phage adaptation to the lysogenic state. This can be explained by the fact that phages which are more stable (non-responsive) against such environmental stimuli (UV, mitomycin C and others) will result in longer coexistence, and thus higher SOSS values as discussed above. Clostridium phage Cst, which has historically been called pseudo-lysogeny (Sakaguchi et al., 2005) and which is an exceptionally unstable lysogenic phage of C.botulinum F str., was found to have a relatively low SOSS value of 0.924 compared with the other relevant lysogenic phages (Table 1) 
Measure of the relaxed sequence similarity
We believe that one of the most important concepts presented in this article is that a relaxed sequence similarity analysis, oligostickiness, can extract a large amount of information from genome sequences which is unavailable by conventional strict sequence similarity analyses such as repeat sequence analysis. As has already been well-studied, those sequences (genes) which had the same original sequence (gene) are descended with multiple mutations and are present as homologs and paralogs (Koonin, 2005) . Therefore, the degree of similarity becomes an important concept in the study of such sequences in genomes where there are various sequences of different origins and thus different duration of mutation. Sequences diverged recently should be very close and easily recognized such that they could be analyzed by conventional approaches which deal with sequences strictly based on complete match or similarity (i.e. Hamming distance, d H ≈ 0). In contrast, those sequences which diverged a sufficiently long time ago will have changed close to random sequences assuming that there have been no functional constraints on the sequence which would have prevented from altering. Usually, sequences of genomes are intermediately positioned between the two extremes depending on the time from the generation of sequences (genes). Oligostickiness analysis calculates the free energies ( G) of all of the possible hybridization structures formed between the template and the probe (oligonucleotide) at each position along a genome sequence, which allows the counting up all of the possible structures including a lot of mismatchcontaining hybridization ones (which have large d H value) as long as they have a certain level of stability in terms of G. Therefore, the oligostickiness analysis is rather statistical and robust against mutations and is thus endowed with the ability to analyze highly diverged (i.e. relaxed) and veiled sequences. This is why we call oligostickiness analysis a measure of relaxed sequence similarity.
Since the approach taken is clearly successful as demonstrated here and elsewhere (Nishigaki and Saito, 2002; Saito and Nishigaki, 2004) , it is clear that relaxed sequence similarity analyses like oligostickiness is another useful genome sequence analysis.
In a preceding study, we selected 12 oligonucleotides as probes for an SOSS-like analysis (Saito and Nishigaki, 2004) . In prior to the selection of these probes, we performed the oligostickiness analysis with various genomes (virus to human), which were then available, using different probes (more than 20 species). In this analysis each probe generated a specific oligostickiness profile for each genome. We think the probes used here are similarly effective and that the set are significant and practical. However, this does not deny the possibility of selecting another set of probes in a more well-defined manner in future.
CONCLUDING REMARKS
A measure of relaxed sequence similarity, oligostickiness, was shown to be effective in finding a cryptic property, hostparasite relationship of bacteria and phages, hidden in genome sequences, which is unavailable by strict sequence similarity analyses. Lysogenic phages were found to be highly similar to its host bacterium in similarity parameters SOSS and COUSS. Especially SOSS, a SOSS, was excellently predictive of hostparasite relationships. This phenomenon was rationalized by the common suffering of biased mutations for lysogenic phages and bacteria which are long sharing the same physiological environment.
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